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Cohn, 1992). We have developed PCR analyses of the
status of rearrangements of the kL and lL chain loci in
single cells that detect over 80% of all VkJk, VkRS, and
VlJl rearrangements on both alleles of the kL and lL
chain gene loci at efficiencies between 70% and 90%
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Grenzacherstrasse 487
CH-4005 Basel (Yamagami et al., 1999 [this issue of Immunity, 309±
316]). This allows us to determine the number and typesSwitzerland
of these IgL chain gene rearrangements on a single kL
chain allele in a single cell at different stages of B cell
development.Summary
Secondary rearrangements in single kL chain alleles
have been found (Selsing et al., 1984; Feddersen andPCR analyses of the kL chain locus in single B-lineage
cells of wild-type, Ck-, or JCk-deficient homozygous Van Ness, 1985; Feddersen et al., 1990). Inversional sec-
ondary rearrangements have been demonstrated inor heterozygous mice often detect multiple in- and
out-of-frame rearrangements at the kL and lL loci. mice with a transgenic kL chain of an anti-DNA antibody
inserted into the Jk region by gene targeting (LuningThey are most frequent in small pre-BII cells and
equally so in wild-type and kL chain±deficient cells. Prak and Weigert, 1995). Preceding rearrangement
events by deletions of intervening sequences have beenHence, kL chain production appears not to inhibit sec-
ondary rearrangements. Around 20% of all small preBII found in circular, extrachromosomal DNA (Harada and
Yamagishi, 1991; Shimizu et al., 1991). Sequence analy-cells express IgL chains in their cytoplasm. Cells with
a first productive rearrangement on one allele are fa- sis of primary VkJk rearrangements on circles reveals
productive (in-frame) as well as nonproductive (out-of-vored to enter the immature B cell compartment. Thus,
allelic exclusion might be secured by control of acces- frame) rearrangements (Coleclough et al., 1981). Such
circular DNA has also been found to contain VkJk andsibility of IgL chain loci for rearrangement and by rapid
selection of cells with a fitting over those with a nonfit- Ck elements as a consequence of Vk to RS deletional
rearrangements (Shimizu et al., 1991). This has beenting IgL chain.
taken as evidence that a productive VkJk rearrangement
does not necessarily terminate further rearrangementsIntroduction
at the kL chain alleles and that, in fact, secondary re-
arrangements at these alleles are common events. PCRIn order to produce light (L) chains of immunoglobulin
analyses of kL chain allele in single precursor, immature,(Ig) molecules, V segments have to rearrange in-frame
and mature B cells of B6/JCk2 F1 and Ck2/JCk2 F1to J segments on one of the two alleles of the kL chain
mice presented here now quantitate the extent of multi-locus or on one of six alleles of three functional lL chain
ple VkJk/VkRS rearrangements at a single allele in differ-loci (for reviews, see Kofler et al., 1992; Selsing and
ent B lineage cell subpopulations. The frequencies ofDaitch, 1995; Gorman and Alt, 1998). On the kL chain
these secondary rearrangements and the Jk and RSgene locus on mouse chromosome 6, at least 19 Vk
element usage in these rearrangements determined infamilies with a total of more than 140 functional Vk seg-
this paper reveal a rapid selection of sIgM1 B cells toments have been estimated to be available for in- or out-
the immature and mature B cell compartments and aof-frame rearrangements to four functional Jk segments
prolonged retention of sIg2 precursor B cells in the bone(Jk 1, 2, 4, and 5) to form a rearranged kL chain locus
marrow.(Kirschbaum et al., 1996). Rearrangements to the recom-
The comparison of the repertoires of rearrangementsbining sequence (RS) located 39 of the Ck exon result
at the kL chain alleles between B lineage cells at differentin deletion of Ck if the Vk and the RS elements occur
stages of development in wild-type and kL chain±in the same orientation on the chromosome. Some Vk
deficient (Ck2/JCk2) mice allows conclusions for thesegments are oriented in the same and others in the
mechanisms that govern the selection of B cells intoopposite orientations of the Jk elements, leading to de-
the peripheral, mature pools of cells.letions and inversions of the intervening sequences, re-
spectively (Shapiro and Weigert, 1987a, 1987b). On
chromosome 22 of the mouse, two Vl segments (Vl2 Results
and Vlx) can predominantly rearrange to one functional
JlCl (Jl2Cl2) region, while another Vl segment (Vl1) kL Chain Rearrangements on One Allele of Normal
B Lineage Cellscan rearrange to two JlCl (Jl1Cl1 and Jl3Cl3) regions
(Selsing and Daitch, 1995). Although IgL chain allotype In order to study the patterns of kL chain gene re-
arrangements on a single kL chain allele in normal Band isotype exclusion have been found not to be abso-
lute, most peripheral B cells produce either only kL or lineage cells, F1 mice between normal B6 and JCk2/2
mice were used. Four subsequent stages of B cell devel-lL chain, in an approximate ratio of 20:1 (Langman and
opment containing IgL chain gene rearrangements were
studied: 192 single small pre-BII cells of bone marrow,* To whom correspondence should be addressed (e-mail: antibody@
bii.ch). 72 immature B cells from bone marrow, 72 immature B
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Figure 1. Single Cell PCR Analyses of kL and lL Chain Gene Rearrangements in Different B Cell Subpopulations of B6/JCk2 F1 Mice
The rearrangement status of single small pre-BII cells, immature B cells of bone marrow (or spleen), and mature B cells of spleen are shown.
Positions that are boxed indicate the presence of a rearrangement in the cell. The open circles indicate a nonproductive and the closed circles
a productive VkJk rearrangement. The single cell PCR analyses are subject to false negative results due to lack of detection of a given
rearrangement. False positives are also seen. They are probably due to very low levels of contamination especially visible in the germline
configuration (z2%). Examples of such false positives are small pre-BII cell numbers 58, 120, and 183 of B6/JCk2 F1 mice. These cells show
germline configuration together with Vk to Jk1 rearrangement that should not be detected from a single kL chain gene allele (see primer
designs in Yamagami et al., 1999).
cells from spleen, and 120 mature B cells from spleen. These results reveal that multiple Vk to Jk and to RS
rearrangements can be detected on a single allele inAnother 48 to 96 of lL1sIgM1 and kL1sIgM1 immature
and mature B cells were also analyzed. The single cell 63% of the pre-BII, 42% of the immature B cells of bone
marrow, 43% of the immature B cells of spleen, andPCR assays included the kL chain gene germline config-
uration, Vk to Jk1, to Jk2, to Jk4, and to Jk5 re- 34% of the mature B cells. For the total pools of B
lineage cells, it is evident that Vk to Jk and to RS re-arrangements. Vk to RS and Vl to Jl rearrangements
were also determined. The primers used in these PCR arrangements are more frequent in small pre-BII cells
than in immature and mature B cells where they occuranalyses and the efficiencies of detection of the different
PCR products are described in the Experimental Proce- at similar lower frequencies (Figures 1 and 4A). In fact,
immature B cells from bone marrow and from spleendures and in the Results of Yamagami et al. (1999). The
results of single cell PCR analyses of the kL and lL and mature B cells from spleen are indistinguishable in
this respect (Figure 4A).chain loci are summarized in Figure 1. Tables 1 and 2
summarize the frequencies of a given type of re- Conversely, cells with a single Vk to Jk rearrangement
are more frequent in the total pools of immature andarrangement in the different cell populations. The fre-
quencies of kL chain gene rearrangements in single cells mature B cells (40%-45%) than in small pre-BII cells
(25%) (Figures 1 and 4A; Table 1). The most frequentof the different B lineage compartments derived from
the single cell PCR analyses in Figure 1 are given in single Vk to Jk rearrangement was to Jk1 (pre-BII 10.5%,
immature B of bone marrow 25%, immature B of spleenFigure 4A. All Vk to Jk rearrangements in the first 48 cells
of the small pre-BII and the mature B cell compartments 31%, and mature B of spleen 25%) followed by Vk to
Jk2, then Vk to Jk4, and, finally, Vk to Jk5 (Table 1).were sequenced at their Vk to Jk joints to determine
whether they were productively or nonproductively re- The total number of kL chain gene rearrangements is
higher in small pre-BII cells than in mature B cells (forarranged (Figure 1).
IgL Chain Gene Rearrangements in Single Cells
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Table 1. Frequencies of Cells with Single Vk to Jk Rearrangement
B6/JCk2
Small Pre-BII Immature B Bone Marrow Immature B Spleen Mature B
VkJk1 10.5% 25.0% 30.6% 25.0%
VkJk2 4.2% 12.5% 11.1% 8.3%
VkJk4 8.9% 1.4% 1.4% 7.5%
VkJk5 1.5% 2.8% 2.8% 5.8%
Total cells with single 25.0% 41.7% 45.8% 46.7%
VkJk rearrangement
Ck2/JCk2
VkJk1 15.3% 10.4% 10.4% 12.5%
VkJk2 4.9% 2.1% 2.1% 9.4%
VkJk4 2.8% 0% 4.2% 3.1%
VkJk5 2.1% 12.5% 2.1% 12.5%
Total cells with single 25.0% 25.0% 18.7% 37.5
VkJk rearrangement
The table shows the percentage of each single Vk to Jk rearrangement in different stages of B lineage cell development of B6/JCk2 F1 and
Ck2/JCk2 F1 mice.
the first 48 cells, 94 versus 65, respectively). Re- kL1sIgM1 B cells most frequently contained Vk to Jk1
or to Jk2 rearrangements, the Vk in lL1sIgM1 cells werearrangements to Jk5 and RS are more frequent in pre-
more frequently rearranged to Jk5 or to RS, i.e., to ele-BII cells (z30% and z20%) than in the total pools of
ments further downstream on the kL chain locus (dataimmature or mature B cells (15%-25% and 3%-7%) (Ta-
not shown in Figure 1; see also below for lL1sIgM1 Bble 2). Cells with the kL chain gene locus in germline
cells of Ck2/JCk2 F1 mice whose data are shown inconfiguration only were found in 9% (17/192) of all small
Figures 3 and 4C).pre-BII cells, but, as expected, not in immature and
Collectively, these results suggest that the small pre-mature B cells. (One cell in immature B cells of spleen
BII population, in which IgL chain gene rearrangementsshowed k germline configuration only. Failure to detect
begin, may contain some cells that have not yet initiatedany IgL chain gene rearrangement or a contamination
kL chain gene rearrangement. Hence, this could be theby non-B cell might cause this result.)
portion of small pre-BII cells that have recently differenti-In contrast to the total pools of immature and mature
ated from the large pre-BII cell pool. Furthermore, theB cells (where kL1sIgM1 B cells represent 95% of all
pool of small pre-BII cells is relatively enriched for kLcells), lL1sIgM1 immature B cells from bone marrow as
chain alleles with multiple rearrangements further down-well as from spleen appear to have more kL chain gene
stream in the Jk cluster, while the pools of immaturerearrangements. In fact, kL chain gene rearrangements
and mature B cells are relatively enriched for kL chainappear as frequently in lL1sIgM1 immature B cells as
alleles with a single rearrangement further upstream inin the pool of small pre-BII cells from the same mice. In
the Jk cluster. On the other hand, lL1sIgM1 immaturecontrast, the lL1sIgM1 mature B cells have far fewer
B cells resemble a pool of small pre-BII cells with morekL chain gene rearrangements per cell, in fact, as few
kL chain gene rearrangements to further downstreamas the kL1sIgM1 immature and mature B cells (Fig-
Jk and RS elements, suggesting that it might take longerure 4B). However, a major difference exists between
to make a lL chain gene rearrangement than a kL chainkL chain gene rearrangements in total (i.e., mainly
gene rearrangement. lL1sIgM1 mature B cells havekL1sIgM1) and lL1sIgM1 mature B cells. While the
fewer kL chain gene rearrangements; however, these
rearrangements involve more downstream Jk segments
Table 2. Frequencies of Rearrangements in the kL Chain Locus and the RS segment. Possible reasons for this finding
will be discussed in the Discussion.Immature B
In 12 of the 192 pre-BII cells, a germline k configura-Small pre-BII (Bone Marrow) Mature B
tion was detected along with one or more VkJk re-
B6 VkJk5 42% 31% 26%
arrangements. In 11 of these 12 cells, the Vk to Jk re-VkRS 33% 18% 12%
arrangement was either to Jk4 or Jk5. Since primary
rearrangements to Jk4 and Jk5 do not destroy the DNA
B6/JCk2 VkJk5 31% 15% 25%
sequence between Vk and Jk used in the detection ofVkRS 22% 7% 3%
the germline configuration of the kL chain locus (see
Ck2/2 VkJk5 40% ND 59% the primer designs in Yamagami et al., 1999), these 11
VkRS 21% ND 50%
cells could be considered VkJk rearranged. This is true
regardless of whether the rearrangements have oc-
Ck2/JCk2 VkJk5 33% 54% 41% curred by deletion or by inversion, provided that the
VkRS 18% 23% 27%
DNA circles generated by deletion remain detectable in
The table shows the percentage of total Vk to Jk5 and Vk to RS the PCR. These primary Vk to Jk4 or Jk5 rearrangements
rearrangements in different stages of B lineage cell development of also indicate that rearrangements on one kL chain allele
different mouse strains. ND, not done.
do not necessarily have to begin with Vk to Jk1 and
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proceed sequentially to Jk2, then Jk4, and then Jk5. arrangeable kL chain alleles, small pre-BII cells, imma-
ture B cells of bone marrow, and mature B cells of spleenHowever, as shown below, the predominance of produc-
tive rearrangements to distal Jk segments in the mature from normal B6 mice were analyzed at the single cell
level. These PCR analyses are also given in Figure 2.B cell pool favors sequential rearrangements.
It is immediately evident that a large portion of all
cells (104 of 240 small pre-BII cells [43%], 53 of 144Productively and Nonproductively Rearranged
immature B cells [37%], and 127 or 240 mature B cellskL Chain Loci
[53%]) have one kL chain allele in germline configura-As expected, 90% (36/40) of all mature sIgM1 B cells
tion. In addition, in 18% (42/240) of the small pre-BIIwith a detectable rearrangement had a productively re-
cells and 7%-10% each (10/144 and 24/240) of the im-arranged kL chain allele. Around 20% (9/40) of these
mature and mature B cells, only the germline configura-cells actually contained two or more productively re-
tion of the kL chain alleles could be detected. It mightarranged VkJk segments (Figure 1). The VkJk rearranged
well be that 7%-10% non-B cells contaminated the cellsegments could well be separated, and in most cases
sorting and that the other 8%-11% of the pre-BII cellsare, in fact, expected to be separated from the Ck seg-
had not yet begun kL chain gene rearrangements.ment. The results indicate that a productive VkJk re-
Cells that had clearly undergone only one kL chainarrangement does not inhibit further, secondary Vk to Jk
gene rearrangement, i.e., GL/VkJk1 cells, were found inrearrangements at the same allele. The same conclusion
4.6% (11/240) of the small pre-BII cells, in 7.6% (11/144)has previously been made from experiments by Harada
of the immature B cells, and in 12.5% (30/240) of theand Yamagishi (1991), who detected excised, deleted
mature B cells. The increase in the frequency of theseDNA circles containing nonproductively or productively
cells from small pre-BII to immature and mature B cellsVkJk rearranged segments. It has been further strength-
is in line with the increase in the frequency of singleened by the finding that in a kL chain locus, in which
VkJk1 rearranged cells seen from pre-BII to mature Bthe Jk region was altered to contain a productively VkJk
cells of B6/JCk2 F1 mice (see Table 1). This increaserearranged segment followed by the Jk5 segment,
again might suggest a positive selection of such cellsVkJk5 rearrangements could be found (Luning Prak and
into the immature and mature sIgM1 B cell repertoiresWeigert, 1995). In the majority of all rearranged kL chain
(see also the Discussion).alleles, the productive rearrangements appeared to be
In small pre-BII cells of normal mice, as in those of thethe furthest downstream.
B6/JCk2 F1 mice, a high frequency of rearrangements toThe frequencies of productive versus nonproductive
more 39 located elements, i.e., to Jk5 and to RS, isVkJk rearrangements found in kL chain alleles of B6/
detected (Table 2). This, again, indicated that the pool ofJCk2 F1 and Ck2/JCk2 F1 mice, i.e., ratio of 1:2, indicate
small pre-BII cells contains cells, which have undergonea random, nonselected mode of rearrangement in the
more extensive secondary rearrangements, in the casepre-BII cells (and in the kL chain±deficient, lL1sIg1 ma-
of two normal alleles now visible on both alleles.ture B cells [see below]). On the other hand, mature B
These results may suggest that the changes of reper-cells of B6/JCk2 F1 mice appeared enriched, i.e., se-
toire seen between small pre-BII cells and immature/lected for productive rearrangements (Figure 4E).
mature B cells may be due to positive selection of cellsAlthough small pre-BII cells are sIgM-negative, half of
with the first, successful, IgL chain gene rearrangement.them (24/48) contained a productively rearranged VkJk
This selection effect of early successful productive re-segment: in 13 of these 48 cells (z25%) it was the most
arrangements out of the small pre-BII into the immature39 rearranged segment. If that last, productive re-
and mature B cell compartments leads, conversely, toarrangement is, in fact, next to the Ck exon in these
an accumulation of unsuccessful cells in the small pre-cases, then this indicates that kL chains might be ex-
BII cell compartment that have tried more often to re-pressed in the cytoplasm of small pre-BII cells but are
arrange IgL chain loci. The results also show that nearlynot transported to the surface, as they should do when
half of all peripheral B cells appear to have undergonethey are associated with mH chains.
rearrangements on both kL chain alleles before beingThis prompted us to assay for detection of cytoplasmi-
selected as sIgM1 cells.cally expressed kL chains with the help of a kL chain-
specific mAb (see the Experimental Procedures). In fact,
as previously shown (Pelanda et al., 1996), 15%±20% kL Chain Gene Rearrangements on One Ck
of all pre-B II cells proved to express kL chains in their Defective Allele
cytoplasm (data not shown). B lineage cells of Ck2/2 mice undergo Vk to Jk and RS
These experiments show that the lineage relationship rearrangements but cannot express a kL chain (Zou et
of the small pre-BII cell compartment to the immature al., 1993). Hence, the influence of kL chain production
B cells is not simply that of a IgL chain negative, nonpro- and, consequently, of sIgM with kL chains on the re-
ductively rearranged sideline of cells all expressing only arrangement process in the kL chain gene locus was
mH chains in their cytoplasm but that the IgL chains tested with a single kL chain allele of Ck2/JCk2 F1 mice.
must have reasons not to be expressed together with Again, four stages of B cell development were assayed
the mH chains as sIgM on the surface. Possible reasons by single cell PCR: small pre-BII cells, immature B cells
will be discussed in the Discussion. of bone marrow and spleen, and mature B cells of
spleen. The PCR assays were performed for the k
germline configuration, Vk to Jk1, Jk2, Jk4, Jk5, andkL Chain Gene Rearrangements on Two Alleles
of Normal B Lineage Cells RS rearrangements, and also lL chain gene rearrange-
ments. In 48 cells of the small pre-BII and the matureIn order to compare IgL chain gene rearrangement pat-
terns in B lineage cells with one or with two re- B cell compartments, the VkJk joints were sequenced
IgL Chain Gene Rearrangements in Single Cells
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Figure 2. Single Cell PCR Analyses of kL and lL Chain Gene Rearrangements in Different B Cell Subpopulations of Normal B6 Mice
The rearrangement status of single small pre-BII cells, immature B cells of bone marrow (or spleen), and mature B cells of spleen are shown.
Legends as in Figure 1. Detection of kL chain gene rearrangements in normal B6 mice is reduced as compared to that in B6/JCk2 F1 mice
because in the former we used two Jk primers (Jk2 and Jk5) with which we cannot detect a VkJk1 and a VkJk4 rearrangement once it is
followed by a VkJk2 and a VkJk5 rearrangement, respectively, whereas in the latter we used four Jk primers (Jk1, Jk2, Jk4, and Jk5) with
which we can detect all sequential deletional as well as inversional rearrangements (see primer designs in Yamagami et al., 1999).
Immunity
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Figure 3. Single Cell PCR Analyses of kL and lL Chain Gene Rearrangements in Different B Cell Populations of Ck2/JCk2 F1 Mice
The rearrangement status of single small pre-BII cells, immature B cells of bone marrow (or spleen), and mature B cells of spleen are shown.
Legends as in Figure 1.
to assay for productive and nonproductive rearrange- Cells with a single Vk to Jk1 rearrangement are as
frequent in the Ck2 allele as they are in the normalments. The results are summarized in Figure 3. They
allow the following conclusions. allele in small pre-BII cells (i.e., around 10%; Table 1).
However, in contrast to normal cells, the frequencies ofMultiple Vk to Jk and RS rearrangements can be de-
tected in 67% of the small pre-BII cells, 71% of the bone single Vk to Jk1 rearrangements did not increase (to
25%±30%) but remained the same (z10%) in immaturemarrow immature B cells, 73% of the spleen immature
B cells, and 49% of the mature B cells. In small pre- and mature B cells. Since the immature and mature B
cells of Ck2/JCk2 F1 mice express sIgM with lL chainsBII cells, the frequencies of single, double, triple, and
quadruple rearrangements in a single kL chain allele are only, this result further supports our conclusions reached
above with cells from normal mice that kL chain expres-indistinguishable from those found in small pre-BII cells
with a normal kL chain allele (Figure 4D). Furthermore, sion at the transition from small pre-BII to immature
B cells of normal mice biases the repertoire of sIgM1the frequency of small pre-BII cells with VlJl re-
arrangements is also similar to wild-type (Figure 3). We B cells toward those that use early (i.e., VkJk1) re-
arrangements in the kL chain locus.conclude that the lack of kL chain protein expression
does not increase or decrease the frequencies of kL or Vk to Jk5 rearrangements are equally frequent in small
pre-BII cells of normal B6, B6/JCk2 F1, and kL chain±lL chain rearrangements at a single kL chain allele. If
positive or negative selection of B lineage cells (by the deficient Ck2/JCk2 F1, and also Ck2/2 mice. The same
is true for Vk to RS rearrangements (Table 2, data forpairing capacities of kL chains or the antigen-binding ca-
pacities of Ig molecules) were to influence IgL chain gene PCR analyses of individual cells from Ck2/2 mice are
not shown). However, while those frequencies are de-rearrangements, one would expect, in Ck-deficient mice,
a change in the frequencies and types of rearrangements creased in immature and mature B cells of normal mice,
they are increased in kL chain±deficient mice.at the IgL chain loci. Such an influence is not visible as
the frequencies of Vk to Jk, of Vk to RS, or of Vl to Jl Lower frequencies of these Vk to Jk5 and RS re-
arrangements in normal mice might be explained by therearrangement are similar in the pre-BII cell compartments
of B6/JCk2 F1 and Ck2/JCk2 F1 mice. preferred selection of VkJk1 and VkJk2 rearrangements
IgL Chain Gene Rearrangements in Single Cells
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In contrast to normal cells, these total numbers and ratios
of productive versus nonproductive rearrangements do
not change during development from small pre-BII to
mature B cells in the Ck2 allele (Figure 4E). Again, this
suggests that the expression of kL chains in normal
mice influences repertoire selection at the transition
from small pre-BII to immature B cells.
Just like lL1sIgM1 immature B cells of B6/JCk2 F1
mice, immature B cells from both bone marrow and
spleen of Ck2/JCk2 F1 mice, which are also lL1sIgM1,
showed multiple kL chain gene rearrangements (Figure
4C). Mature (lL1sIgM1) B cells of mutant Ck2/JCk2 F1
mice, just like the lL1sIgM1 mature B cells of B6/JCk2
F1 mice, contained as few kL chain gene rearrangements
as kL1sIgM1 mature B cells. Again, these mature B cells
of Ck2/JCk2 F1 mice were more frequently Vk to Jk5
and to RS rearranged (Figure 3), just as in lL1sIgM1
mature B cells of B6/JCk2 F1 mice.
Discussion
When during B cell development large pre-BII cells
cease to proliferate and become resting small pre-BII
cells, the rearrangement machinery is reactivated, the
IgL chain loci are opened, and VL to JL rearrangements
are initiated. In this paper, we present qualitative and
quantitative evidence for multiple IgL chain gene re-
arrangements at single kL chain alleles in normal as well
as kL chain±deficient B lineage cells (Figures 1, 2, and
3). The possibilities for secondary and subsequent re-
Figure 4. Frequencies of All VkJk Rearrangemnts on One Allele in arrangements at the kL chain gene locus are pictured in
Single B Cells Figure 5. They are possible because the rearrangement
Frequencies of VkJk rearrangements in (A) single pre-BII cells (open machinery remains active in small pre-BII and immature
squares), bone marrow immature B cells (open circles), spleen im-
B cells (Rolink et al., 1993a; Grawunder et al., 1995) andmature B cells (closed circles), and spleen mature B cells (closed
because the IgL chain gene loci must remain accessibletriangles) of B6/JCk2 F1 mice; (B) single lL1sIg1 bone marrow (open
for this machinery (Schlissel and Stanhope-Baker, 1997).circles) and spleen (closed circles) immature B cells, spleen mature
B cells (closed triangles), and kL1sIg1 bone marrow immature B Small pre-BII and immature B cells have half-lives of
cells (circles with cross) of B6/JCk2 F1 mice; (C) single bone marrow 2 to 4 days (Rolink et al., 1998) and hence exist long
(open circles) and spleen (closed circles) immature B cells and enough to allow several secondary rearrangements.
spleen mature B cells (closed triangles) of Ck2/JCk2 F1 mice; and
Rearrangements can create in- or out-of-frame VJ(D) single small pre-BII cells of B6/JCk2 (open squares) and Ck2/
joints. If rearrangements occur randomly, without guid-JCk2 (closed squares) F1 mice. Frequency zero (0) indicates a cell
ance by specific DNA-pairing sequences, they would bethat has only the germline configuration on the kL chain gene allele.
Frequency 1, 2, 3, and 4 indicates a cell that shows one, two, three, expected to lead to one-third productive and two-third
and four VkJk rearrangement(s), respectively. The sum of cells of nonproductive joints. This ratio is in fact observed in
each compartment does not make 100% in total because some cells our analyses of a single kL chain allele in small pre-BII
did not yield any PCR product (Figures 1, 2, and 3). (E) Frequencies of
cells of normal and Ck-deficient mice, as well as inproductive rearrangements in the different VkJk joints found in kL
mature lL1sIgM1 B cells of Ck-deficient mice (Figurechain alleles of small pre-BII and mature B cells of B6/JCk2 and Ck2/
4E). All these cell populations have in common that theyJCk2 F1 mice. Open squares, B6/JCk2 small pre-BII cells; closed
squares, B6/JCk2 mature B cells; open circles, Ck2/JCk2 small pre- do not or cannot deposit IgM with kL chain on their
BII cells; and closed circles, Ck2/JCk2 mature B cells. surface. By contrast, mature B cells of normal mice have
a higher proportion of productively rearranged alleles,
with the VkJk5 rearrangements having practically only
productive rearrangements. This indicates that Vk to Jkin the immature and mature B cell compartments. Higher
frequencies in kL chain±deficient mice, on the other rearrangements are initially random events of productive
and nonproductive rearrangements from which suitablehand, may be the result of the lower rate or later onset
of Vl to Jl rearrangements that requires more time to sIg1 B cells (with productive rearrangements) are se-
lected. This shows on the single cell level that sIg2 andproduce lL1sIgM1 B cells. In that longer time, more
secondary rearrangements in the kL chain locus (finally sIg1 B cells are randomly generated. It also demon-
strates what others have shown in models of modifiedto Jk5 and RS) can occur.
The total number of rearrangements at the kL chain expression of transgenic sIg on B cells (Lam et al., 1997),
that only sIg1, but not sIg2 B cells, can be selected andallele and, more importantly, the ratio of productively
versus nonproductively rearranged VkJk joints, is com- can survive in the peripheral lymphoid organs.
It is likely that rearrangements at the kL chain locusparable in Ck2/JCk2 and B6/JCk2 small pre-BII cells.
Immunity
324
Figure 5. Primary and Secondary IgL Chain
Gene Rearrangements in the Small Pre-BII
Cell Compartment during B Cell Development
in Mouse Bone Marrow
DHJH-rearranged pre-BI cells expressing sur-
rogate L chain (inside pre-BII cells) initiate VH
to DHJH rearrangements at the transition to
pre-BII cells. When these rearrangements re-
sult in a productively rearranged IgH chain
locus that can make a mH chain (green rod)
capable of pairing with surrogate L chain, a
pre-B cell receptor (green rod on the surface
of large pre-BII cells) can be deposited on
the surface, and the corresponding large pre-
BII cells expand by proliferation. When large
pre-BII cells have used up surrogate L chain
protein, which is no longer synthesized in
these cells, they come to rest as small pre-
BII cells. At the transition of large to small
pre-BII cells, VL to JL rearrangements are initi-
ated at the kL and lL chain loci. Primary re-
arrangements can be productive, and the
produced IgL (kL, closed circles; lL, open
triangles) chain capable of pairing with the
preexisting mH chain to form IgM on the cell
surface, the BCR (shown for kL and lL chains
as the top three cells in transition to the imma-
ture B cell pool). If the BCR recognizes an autoantigen in bone marrow, the cells are stopped from further development, and surface IgM is
downregulated (small pre-BII cell number 3 from top). The cells, now expressing mH chains and kL chains only in the cytoplasm, i.e., with a
pre-B cell phenotype, begin to ªeditº their BCR. Other primary rearrangements can be productive but may yield IgL chains that cannot pair
with the preexisting mH chain (small pre-BII cell number 4 from top), expressing mH chain and IgL chain only in the cytoplasm. Still other
primary rearrangements can be out-of-frame, in that case the cell remains IgL chain negative (small pre-BII cell number 5 from top). These
three types of small pre-BII cells (number 3, 4, and 5 from top) engage in secondary and subsequent rearrangements (horizontal sinusoid
arrow) as long as they have not managed to generate a productively VLJL-rearranged locus producing a pairing IgL chain that yields a BCR
that is not autoreactive. It is assumed that secondary and subsequent rearrangements first occur at the first kL chain allele in the order in
which the Jk and RS elements are positioned and then at the second allele (see series of small pre-BII cells at the bottom of that compartment).
Not shown in the figure are the VL to JL rearrangements at the lL chain locus that occur independently of those at the kL chain locus (see
Yamagami et al., 1999) at 5±10 times lower frequencies, again in- and out-of-frame, yielding pairing and nonpairing lL chains, and the
corresponding BCR expressing nonautoreactive or autoreactive immature B cells. Productive VLJL rearrangements yielding pairing IgL chains
and hence, lead these cells to enter the sIgM1 immature B cell compartment are indicated (arrow pointing upward). From the nonautoreactive
immature B cell pool, first in the bone marrow and then in spleen, mature B cells are selected into the peripheral pools (Rolink et al 1998).
begin at one allele while the other remains inaccessible impossible to reach strong conclusions. However, while
we have no estimates on the fraction of IgL chains from(Feddersen and Van Ness, 1985; Luning Prak and Wei-
gert, 1995; Mostoslavsky et al., 1998). In Figure 5, it is VkJk1 rearranged kL chain alleles that might be unable
to pair with mH chains, Hertz and Nemazee (1997) expectassumed that the first rearrangement most often uses
the Jk1 segment that is most proximal to the cluster of immature B cells with autoreactive BCRs entering IgL
chain editing to be frequent. If those autoreactive B cellsover 140 Vk segments (Kirschbaum et al., 1996). This
should occur randomly in- or out-of-frame, so that 33% were to comprise half of all the cells originally generated
in the pre-BII cell compartment, then our observed fre-of all VkJk1 rearrangements should be productive. If all
kL chains from these rearrangements could pair with quencies of VkJk1 rearranged immature and mature B
cells would appear to be too high. They would thenthe mH chains preexisting in pre-BII cells, and if no BCRs
were autoreactive, 33% of all immature and mature B suggest some form of positive selection of VkJk1 re-
arranged cells into the immature B cell compartmentcells should be of VkJk1 rearranged/kL chain germline
genotype. We found that 25% to 30% of all immature (Figure 5, small pre-BII cell number 2 from top). The
simplest view of this positive selection would assumeand mature B cells with a normal kL chain allele carry
a single VkJk1 rearrangement (Table 1). Furthermore, that the first cells to be made are the fastest to enter
the immature B cell compartment. These conclusionswe have found in normal mice with two rearrangeable
kL chain alleles that 8%±12% of all VkJk1 rearranged pose the interesting question as to what selects B cells
into the peripheral lymphoid system. Since only sIg1 Bimmature and mature B cells have the second allele
in nonrearranged, germline configuration (see Results). cells are found in the periphery and since transgenic
destruction of sIg1 expression induces peripheral BSince 40% to 50% of all immature and mature B cells
of normal mice with two rearrangeable kL chain alleles cells to undergo apoptosis (Lam et al., 1997), it appears
to involve sIg. It remains to be resolved whether bindinghave both alleles rearranged, approximately 15%±25%
of all cells with only one rearranged kL chain allele are of putative ligands to V regions or pairing of IgH chains
with IgL chains determines the fitness of a B cell toVkJk1 rearranged. Our reading frame analyses of kL
chain gene rearrangements in single cells are, so far, become a member of the peripheral B cell pool (Mel-
chers, 1999). It will be interesting to see whether the modelimited to only 48 cells (Figures 1 and 3). That makes it
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of production and selection of sIg1 B cells from sIg2 occur either by deletion or by inversion of the intervening
pre-BII cells remains constant throughout life, as the sequences between Vk and Jk, because the clusters of
rate of B cell production and the sizes of the precursor Vk segments contain individual Vk segments oriented
compartments diminish (Rolink et al., 1993b). either in the same (deletional) or in opposite (inversional)
The danger of the occurrence of two productive VkJk direction relative to the orientation of the Jk segments
rearrangements in a single pre-BII or immature B cell on the chromosome. As long as the locus retains Vk
remains considerable, since the exclusive rearrangement and Jk segments after it has completed the first re-
at only one kL chain allele is not absolute because the arrangement, it can undergo secondary and further re-
rearrangement machinery remains active in pre-BII and arrangements. Secondary rearrangements that are dele-
immature B cells (Rolink et al., 1993a; Ghia et al., 1995) tional will generate excised DNA circles, which contain
and is only turned off at the transition from immature to the primary or preceding VkJk joints. Such VkJk-con-
mature B cells (Grawunder et al., 1995; Hertz et al., 1998). taining circles have been found in splenic B cells (Harada
Once a small pre-BII cell has expressed a kL or lL and Yamagishi, 1991; Shimizu et al., 1991). It is not
chain that can pair with the mH chain in that cell, Ig can known how long these extrachromosomal DNA circles
be deposited on the cell surface. If that cell expresses can persist in B lineage cells, but it cannot be excluded
an Ig that finds an autoantigen in the primary lymphoid that some of the VkJk rearrangement events that we
organ and undergoes cross-linking with it, the cell is have identified in the PCR analyses of single B lineage
arrested from further differentiation to a mature B cell. cells stem from such DNA circles. In fact, DNA circles
If nothing happens, the arrested cell will die, either due containing the TCRd locus excised by deletional re-
to its normal short half-life or because its death is accel- arrangements of Va to Ja segments on the same chro-
erated by ligation of Ig with autoantigen (Hartley et al., mosome can be detected in thymocytes but not in ma-
1993; Melamed et al., 1998). Ligation of Ig with autoanti- ture T cells (Takeshita et al., 1989). If these DNA circles
gen, however, might upregulate the rearrangement ma- are degraded in long-lived lymphocytes (maybe even
chinery (Hertz and Nemazee, 1997; Melamed et al., expanded by proliferation in response to a foreign anti-
1998). It remains to be seen whether this signal might gen, hence diluting out the circles), mature lymphocytes
prolong the life span of the cell and permit secondary would be expected to contain fewer products of second-
rearrangements. The Ig-induced upregulation of the re- ary IgL chain gene rearrangements.
arrangement machinery and the ensuing increased sec- Third, the frequent occurrence of secondary re-
ondary rearrangements at kL and lL loci allow ªeditingº arrangements of the IgL chain loci in pre-BII, immature,
so that autoreactive Ig may be changed to nonautoreac- and mature B cells make it impossible to distinguish
tive Ig (Radic et al., 1993; Tiegs et al., 1993; Luning Prak those generated on one allele from those on the other.
et al., 1994; Retter and Nemazee, 1998). A portion of the Unfortunately, that makes an evaluation of the extent of
sIgM-negative small pre-BII cells that we find to express allelic exclusion at the kL chain locus impossible until
mH chain and IgL chains only in the cytoplasm may well we are able to extend our PCR analysis to the detection
result from a downregulation of an autoreactive BCR on of the one or two VkJk segments located next to the
an autoreactive immature B cell (Figure 5, small pre-BII Ck in a single cell.
cell number 3 from top). In conclusion, the comparison of repertoires of kL and
Editing has been monitored by an increase of re- lL chain gene rearrangements in different compart-
arrangements to downstream Jk elements and to RS ments of B lineage cell development suggests that the
elements and by an increase in rearrangements at the small pre-BII cell compartment accumulates cells that
lL chain loci (Radic et al., 1993; Tiegs et al., 1993). are forced to initiate secondary and subsequent VL to
Autoreactive transgenic mH chains and Ig in B lineage JL rearrangements. They occur in the kL chain locus
cells have been found to increase such parameters of first at one and then at the other allele and with lower
secondary rearrangements (Chen et al., 1994; Luning
frequency also at the lL chain loci (Nadel et al., 1990;
Prak et al., 1994). Our results do not render any evidence
Ramsden and Wu, 1991; Arakawa et al., 1996), either
for a strong influence of the potentially large kL1 autore-
because they have previously rearranged nonproduc-active B cell compartment in normal mice relative to the
tively or because the rearrangement has been produc-smaller influence of the lL1 autoreactive compartment,
tive but has yielded an IgL chain that could not form asince the frequencies of kL and lL chain gene re-
BCR or formed an autoreactive BCR (Figure 5, smallarrangements are practically indistinguishable in small
pre-BII cell number 3, 4, and 5 from top, respectively).pre-BII cells from B6/JCk2 F1 and from Ck2/JCk2 F1
The frequencies of rearrangements at a single kL chainmice (Figure 4D).
allele in normal as well as in kL chain±deficient (Ck2)Although our single cell PCR analyses detect re-
pre-BII cells are the same and appear to be randomlyarrangements with high efficiencies (see Yamagami et
in- and out-of-frame. Hence, it appears more likely thatal., 1999) and, therefore, document the extent of second-
these pre-BII cells that are found to express mH chainary rearrangements at the single allele, these analyses
and IgL chains in their cytoplasm might produce IgLare limited by the following facts.
chains that are not capable of pairing with the mH chainFirst, at the moment we have no way to distinguish
in that cell. The high efficiency of detection of individualthe VkJk-rearranged segment that is associated with
rearrangement events at the kL and lL chain loci in ourCk, i.e., participates in the formation of the functional,
assays now makes it possible to analyze rearranged IgLtranscribed (and translated) allele from those VkJk seg-
chain repertoires in the B cell compartments of mice atments that have been generated by preceding re-
various stages of development and stimulation and inarrangements.
Second, rearrangements in the kL chain locus can tolerance and disease states.
Experimental Procedures editing in IgM1IgD2 bone marrow B cells in vitro. Immunity 6,
429±436.
Mice Hertz, M., Kouskoff, V., Nakamura, T., and Nemazee, D. (1998). V(D)J
C57BL/6J (B6) mice were obtained from the Institut fuer Biologisch- recombinase induction in splenic B lymphocytes is inhibited by
Medizinische Forschung AG (Fuellinsdorf, Switzerland). Ck2/2 (Zou antigen-receptor signaling. Nature 394, 292±295.
et al., 1993) and JCk2/2 (Chen et al., 1993) mice were bred at the Kirschbaum, T., Jaenichen, R., and Zachau, H.G. (1996). The mouse
Institute's animal facilities. B6 and Ck2/2 mice were crossed onto immunoglobulin k locus contains about 140 variable gene segments.
JCk2/2 mice to obtain B6/JCk2 F1 and Ck2/JCk2 F1 mice, respec- Eur. J. Immunol. 26, 1613±1620.
tively. Mice were analyzed at 6±12 weeks of age. FACS staining,
Kofler, R., Geley, S., Kofler, H., and Helmberg, A. (1992). Mousesorting of single cells, single cell PCR analyses and their efficiencies
variable-region gene families: complexity, polymorphism and useare all described in the Experimental Procedures and in the Results
in non-autoimmune responses. Immunol. Rev. 128, 5±21.section of Yamagami et al. (1999).
Lam, K.P., Kuhn, R., and Rajewsky, K. (1997). In vivo ablation of
surface immunoglobulin on mature B cells by inducible gene tar-
DNA Sequencing of VkJk Rearrangements geting results in rapid cell death. Cell 90, 1073±1083.
The products of the second round PCR were sequenced using the
Langman, R.E., and Cohn, M. (1992). What determines the k/l ratio.ABI Prism Ready Reaction Dye Terminator kit (Perkin Elmer) and
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(Paris: Institut Pasteur/Elsevier), pp. 803±839.The same 39-primer used in the second round PCR was used to
Luning Prak, E., and Weigert, M. (1995). Light chain replacement: asequence respective VkJk rearrangement.
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Intracellular Staining
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Light chain editing in kappa-deficient animals: a potential mecha-phycoerythrin (PE)-conjugated MAb RA3 6B2 (anti-CD45R, B220;
nism of B cell tolerance. J. Exp. Med. 180, 1805±1815.PharMingen) and subsequently fixed in 2% paraformaldehyde (Fluka
Melamed, D., Benschop, R.J., Cambier, J.C., and Nemazee, D.Chemie AG, Buchs, Switzerland) for 20 min and incubated with
(1998). Developmental regulation of B lymphocyte immune tolerancefluorescein isothiocyanate (FITC)-conjugated MAb 187.1 (anti-k;
compartmentalizes clonal selection from receptor selection. Cell 92,Yelton et al., 1981) or FITC-conjugated MAb R26-46 (anti-l112,
173±182.PharMingen) in 0.5% saponin (Sigma Chemie, Buchs, Switzerland)
Melchers, F. (1999). Fit for life in the immune system? Surrogate Lfor 30 min. Surface stainings were performed using the same MAbs.
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